Purpose Inaccurate resection in pelvic tumors can result in compromised margins with increase local recurrence. Navigation-assisted and patient-specific instrument (PSI) techniques have recently been reported in assisting pelvic tumor surgery with the tendency of improving surgical accuracy. We examined and compared the accuracy of transferring a virtual pelvic resection plan to actual surgery using navigation-assisted or PSI technique in a cadaver study. including whole pelvic bones. Either supraacetabular or partial acetabular resection was virtually planned in a hemipelvis using engineering software. The virtual resection plan was transferred to a CT-based navigation system or was used for design and fabrication of PSI. Pelvic resections were performed using navigation assistance in six cadavers and PSI in another six. Post-resection images were co-registered with preoperative planning for comparative analysis of resection accuracy in the two techniques. Results The mean average deviation error from the planned resection was no different ( p = 0.19) for the navigation and the PSI groups: 1.9 versus 1.4 mm, respectively. The mean time required for the bone resection was greater ( p = 0.0006) for the navigation group than for the PSI group: 16.2 versus 1.1 min, respectively. Conclusions In simulated periacetabular pelvic tumor resections, PSI technique enabled surgeons to reproduce the virtual surgical plan with similar accuracy but with less bone resection time when compared with navigation assistance. Further studies are required to investigate the clinical benefits of PSI technique in pelvic tumor surgery.
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Introduction
Pelvic tumor surgery is challenging because of the complex bony anatomy and close proximity to pelvic organs and neurovascular structures. Achieving adequate resection margins is the most important prognostic factor in managing pelvic bone tumors as compromised margins may result in high local recurrence rate, ranging from 27 to 92 % [1] [2] [3] . Cartiaux et al. [4] reported an experimental study. Under ideal working situations with complete visualization and access to the bone surfaces, four experienced tumor surgeons were asked to operate on simulated plastic pelvic models. The probability of an experienced surgeon obtaining a 10-mm surgical margin with a 5-mm tolerance above or below the resection was found to be 52 %. Therefore, there is a genuine need to improve the accuracy of resections in pelvic tumors.
In recent years, there have been many reports on the use of computer navigation in assisting resections of malignant bone tumors [2, [5] [6] [7] [8] [9] [10] [11] . With real-time instant visual feedback, intraoperative navigation enables surgeon to locate anatomical and pathological structures accurately. Reports with a minimum of three-year follow-up suggested that this technique is helpful in achieving safe tumor resection by improving the resection accuracy. It may also lead to better functional and oncologic results. Jeys et al. [2] further showed in a clinical study of 31 patients with pelvic or sacral tumors undergoing resection that the use of computer navigation reduced intralesional resection from 29 to 8.7 %. Patient-specific instrument (PSI) has recently been reported in pedicle screw insertion for spinal surgery [12, 13] , for performing difficult osteotomies in deformity correction [14, 15] and in total knee arthroplasty [16, 17] . The PSI is a customized tool that guides a saw and/or drill in the planned direction. PSIs were shown to achieve a better accuracy than traditional techniques in total knee arthroplasty. By replacing the traditional instrumentation, they also improved operating efficiency by reducing total operating room time [16] . PSIs were also recently investigated in bone tumor surgery [18] [19] [20] . Wong et al. [20] showed in a cadaver study and a patient that PSI can produce similar surgical accuracy in millimeters as navigation assistance but with less operating time in the resection of an extremity bone tumor. In a study using synthetic pelvic bone tumor models, Cartiaux et al. [19] demonstrated that simulated periacetabular resection using PSI could provide better bone cutting accuracy than freehand manual resection. Therefore, PSI technique may have the additional advantages of using simple instruments and a minimal operative setup in contrast to navigationassisted techniques that require bulky navigation facilities and a machine operator to manage the navigation guidance device intraoperatively.
The aim of the study was to compare the performance of navigation and PSI techniques in periacetabular bone tumor resections. In this study, cadaveric pelvic bones were used to simulate pelvic resections in a real clinical setting. We compared the accuracy and the resection time of transferring a preoperatively planned resection to the actual surgery using either navigation or PSI techniques.
Methods
Twelve fresh frozen cadaveric bodies including whole pelvic bones were used in this study. The mean age of the bodies was 68.8 (56-84). Six were males and six were females. Axial CT images of the pelvis were acquired using a 16-detector scanner (LightSpeed, GE, Milwaukee, WI). The scanning parameters were Pitch = 0.984:1, Maximum Tube Current = 300 mA and Radiation Dose = ∼24 mSv. Slices of 0.625 mm thickness were obtained using a soft tissue algorithm. The CT images in DICOM format were imported into a medical image processing software (Mimics 15.0, Materialise NV, Leuven, Belgium). The images were reformatted into sagittal and coronal views, and three-dimensional (3D) bone images were generated for surgical simulation. Surgeons then developed the resection plan in the hemipelvis, using "cut' function in MedCAD module in MIMICS software. The plan was based on MR images of two of our previously treated patients with acetabular bone sarcoma (Fig. 1) . The resection plan was a multi-planar bone resection (three planes) that was either a supra-acetabular resection (SAR) or partial acetabular resection (PAR) (Fig. 2) . Twenty- were marked on the pelvic model near the sites of planned resections and at the region that could be surgically exposed. The engineer then used the information of the footprints and the planned resection planes to design a PSI for the pelvic resection four pelvic bone resections (12 SAR and 12 PAR) were virtually performed by surgeons in the 12 cadaveric bodies in MIMICS software. Twelve bone resections (6 SAR and 6 PAR) were assigned to a navigation group in which resection were performed under the guidance of computer navigation. The remaining 12 bone resections were assigned to a PSI group in which the resections were performed with the use of patient-specific instruments. In either group, six pelvic resections (3 SAR and 3 PAR) were performed in 6 right and 6 left hemipelvis. Eighteen planes from 6 SAR and another 18 planes from 6 PAR in both the Navigation and the PSI groups were subject to post-resection analysis of surgical accuracy.
Navigation planning
In the navigation group, due to system incompatibility between MIMICS software and navigation system, the virtual resection planning in computer-aided design (CAD) format in MIMICS software cannot be directly transferred into a CT-based navigation system that can only accept images in Digital Imaging and Communications in Medicine (DICOM) format. The transfer of the virtual surgical planning into navigation system was achieved by the method of CAD to DICOM conversion [20, 21] . We first defined the virtual resection planes on the original CT images of cadaveric pelvis in MIMICS software, which were then exported in DICOM format. The modified DICOM files contained the information of the planned resection planes in addition to that of the original pelvis. The surgeons then transferred the original CT images of the cadaveric pelvis and the virtually planned, modified DICOM datasets into the CT-based navigation system (Stryker Navigation System-OrthoMap 3D module, version 2.0, Stryker, Mahwah, NJ) for resection planning (Fig. 3) . The navigation system provides automatic image fusion of the original and modified DICOM data sets and also tools to define a planned bone resection. Therefore, the planned resection planes defined in MIMICS software could be identically represented in the navigation system for subsequent navigation surgery.
Design of PSI
In the PSI group, the surgeons also marked the bone surface that could be exposed within the surgical approach and the PSI could be positioned near the site of the planned resections in MIMICS software (Fig. 4) . The engineers then exported the pelvic bone model, the planned resection planes and the footprints as stereolithographic (STL) files and transferred those files to a rapid prototyping (RP) software (Magics RP, version 14.0, Materialise, Leuven, Belgium). The software allowed further editing and integration of external CAD models in STL format.
The design of the PSI (Fig. 4 ) consisted of three components: (1) cutting blocks with a contacting surface that conform to the contour at ilium and acetabulum and the footprints predetermined by the surgeons so that the blocks could be positioned consistently on the bone surface at the planned resection sites without translation; (2) three-planar cutting slot in the blocks that were based on the unique orientation of the resection planes defined during virtual simulation in MIMICS software. The slot was 1.2 mm in width to accommodate an oscillating saw blade of 1 mm thickness for making the osteotomy; (3) drill sleeves for inserting Kirschner wires to fix the PSI to pelvic bone after correct positioning of the PSI. The design also took into account the surgeons' input about the surgical approach or exposure, the nearby soft tissue at the defined position of PSI and the direction of placing the PSI. Finally, the engineers combined different components of PSI in the RP software and created the unique contact interface between the PSI and the bone model at the site of intended bone resection. The surgeons Fig. 3 Preoperative images of surgical navigation planning on the navigation monitor for the cadaveric study. The original CT image datasets (CT01) were fused with a modified CT dataset (CT02) (whiter images pointed by red arrows) containing the virtually planned resection planes and the remaining pelvic bones after simulated tumor resections. The planned resection planes could then be marked with tools in the navigation system same as planned in the engineering software. Axial (a), reformatted sagittal (b) and coronal (c) images and the reconstructed 3D planning bone model with resection planes (d) illustrate the transfer of the virtual planning to the navigation system by the method of CAD to DICOM conversion and image fusion then approved the final design of PSI prior to the actual fabrication of PSI.
The PSI was made of a thermoplastic material (ABS) fabricated on a rapid prototyping machine (Fortus 400mc Fused Deposition Modeling (FDM) system, Stratasys Inc., Eden Prairie, MN), which has high chemical resistance and high tensile strength, and is heat stable up to 130C and can be sterilized for use in the operating theater. Ceramic pelvic bone models were also fabricated on a 3D printing machine (Zprinter 310, Z Corporation, Burlington, MA), so the surgeons could practice and familiarize the proper placement of the PSI on the bone surface before the actual procedure.
Surgical procedure of the cadaveric pelvis
The surgical procedures were carried out by the surgeons who had more than 15 years of experience in orthopedic tumor surgery and had expertise of both navigation-and PSI-guided tumor resections. A utilitarian skin incision that consisted of an ilioinguinal and a trochanteric approach was used. Greater trochanteric osteotomy was performed, and abductor muscles were reflected to expose the lateral aspect of ilium and posterior column of acetabulum. Femoral neck was osteotomized, and femoral head was removed to expose the hip joint. Anterior column of acetabulum was also exposed after retracting the femoral neurovascular bundles medially.
In the navigation group, a universal tracker was attached to ipsilateral iliac crest in which the pelvic resection was performed. Image-to-bone registration was performed using a paired-point and surface-matching algorithm [11, 20] . Paired-point matching was begun by selecting a minimum of four points of the bony surface on the preoperative CT images in the navigation workstation. The points were easily identifiable reference locations, such as iliac tubercle, anterosuperior iliac spine, anteroinferior iliac spine, greater sciatic notch or pubic tubercle. A navigation probe was then used to touch the Fig. 4 With the information of the footprints and the surgeons' defined resection planes, the engineer designed a PSI with a cutting block and slot that not only could be positioned on the predetermined bone surface but also could correspond to the desired resection planes. Drill sleeves were also incorporated in the PSI for insertion of Kirschner wires, so to stabilize the PSI after its placement on the bone surface. a CAD model of the PSI for SAR in left hemipelvis and b real PSI on the bone model. c CAD model of the PSI for PAR in right hemipelvis and d real PSI on the bone model real anatomical points that corresponded to those selected in the workstation. The registration was further refined through surface points matching, a process in which multiple points (a minimum of 35) were chosen on the exposed bone surface. The software calculated the registration errors that represented the degree of mismatch between the intraoperatively selected points and CT images. The only direct method of verifying the accuracy of the registration was by moving the tip of the navigation probe on the exposed bone surface. Only if there was real-time accurate matching within 1 mm between the operative anatomy and virtual images could we rely on the accuracy of the navigation system to execute the planned bone resection. The navigation probe allowed realtime tracking of the spatial location of the tip of the probe in relation to the cadaveric bone anatomy on the virtual CT images. The anatomical locations and orientations of planned bone resections were identified and guided using navigated tools (Fig. 5) . Because the navigation system did not support a navigated saw or an osteotome, the osteotomy was made manually with an oscillating saw or osteotome along the navigated marked resection level (Fig. 5) .
In the PSI group, the PSI was placed laterally at the surgical exposure and was positioned on the predetermined bone surface at the planned bone resection site. It was then fixed to the pelvic bone with Kirschner wires (Fig. 6 ). The pelvic bone was osteotomized using an oscillating saw via the cutting slots of the PSI (Fig. 6) .
To analyze the accuracy of the two techniques, we obtained CT images with slices of 0.625 mm thickness for each of remaining hemipelvis after resection (Fig. 7) . The postresection CT images were imported into MIM-ICS software in which 3D bone models were generated. Each postresection specimen was then co-registered with its preoperatively planned model in STL format using an engineering software (Geomagic Verify, 3D Systems, USA) that is well accepted in industry for metrology and quality control in object shapes. Then, the preoperative and postoperative hemipelvic models were perfectly aligned with identical coordinates for further analysis (Fig. 7) . The achieved and the planned resection planes were compared after image co-registration of the planned model and its model from post-resection specimen. The absolute distance between all the points on the achieved plane and those on the planned plane was calculated as deviation error. For better visual representation of the absolute difference in distance between the two planes, we used another engineering software (PowerSHAPE, Delcam, UK) to provide color mapping of the deviation error (Fig. 7) . For the Navigation and the PSI groups, we compared the mean maximum deviation error from the planned resection, the mean average deviation error from the planned resection and the time required for the bone resection. The bone resection time is defined as the total time taken for placement of a patient tracker, image-to-patient registration, marking the locations of the planned resection and completion of the osteotomy under navigation guidance in the navigation group. In the PSI group, the bone resection time is from the correct placement of PSI on predetermined bone surface to completion of the osteotomy under PSI guidance. The three measurements for SAR and PAR were compared between the Navigation and the PSI groups. We also recorded image-topatient registration error for the navigation group and fitting of PSI on cadaveric bone surface by assessing whether it was identical to that on 3D printed bone models for the PSI group. The parameters were regarded as the main factors affecting the accuracy of bone resections using the techniques. 
Results
All bone resections were performed successfully, as planned, in the Navigation and the PSI groups. The mean maximum deviation error from the planned resection was no different ( p = 0.08) for the navigation and the PSI groups: 3.6 versus 2.6 mm, respectively. The mean average deviation error from the planned resection was also no different ( p = 0.1) for the navigation and the PSI groups: 1.9 versus 1.4 mm, respectively. For PAR and SAR, the mean maximum and the mean average deviation error from the planned resection were no different ( p > 0.05) for the navigation and the PSI groups ( Table 1) .
The mean time required for the bone resection was greater ( p = 0.004) for the navigation group than for the PSI group: 16.2 versus 1.1 min, respectively. For PAR and SAR, the mean time required for the bone resection was also greater ( p < 0.01) for the navigation group than for the PSI group (Table 1) .
The mean registration error was 0.5 mm (range 0.4-0.8 mm), and real-time accurate matching could be achieved in all resections for the navigation group. The placement of PSI was assessed intraoperatively to be satisfactory for all resections except in one PAR in which the cadaver was not fully thawed at the predetermined bone surface for the positioning of the PSI. All analyses were conducted by the statistical software, STATA version 13.1 CI confidence interval * Regardless of the side of hemipelvis (left/right) ** "Deviation" (in mm) represents the absolute distance of the achieved resection from the planned; "time" (in minute) represents the time taken from the start of navigation or PSI technique to the completion of pelvic bone resection *** Wilcoxon-Mann-Whitney test to assess statistical significance of differences in distributions in the deviations/time taken for the navigation and the PSI groups; p value <0.05 indicates statistically significant
Discussion
Pelvic tumor surgery is difficult due to complex bone geometry, close proximity to vital structures and limited working space. Inaccurate resections with positive margin are associated with increased risk of local recurrence and mortality [1] [2] [3] . Excessive sacrifice of normal bone in fear of contaminated margin may result in inadequate bone for reconstruction and compromise the limb function. Accurate transfer of the virtual resection plan to the real surgery is important to achieve adequate surgical margin but yet maximally preserve the normal bone for functional reconstruction. Navigation and PSI assistance in pelvic bone tumor resections have been recently reported with the early promising results of reproducing the virtual resection plan [2, 6, 11, 19] . We therefore compared the accuracy of the two techniques in pelvic resections by assessing the deviations of the achieved bone resections from the planned and the time required for the resections in a cadaver study. The study has several limitations. First, the resection simulations in cadavers were based on two periacetabular bone tumors previously operated at the authors' institution. Different pelvic tumors vary in extent and locations. The results of the study may not be applicable to all pelvic tumors, in particularly those tumors with big extraosseous components that make the placement of PSI difficult. Second, there is no control group of using conventional manual technique for comparison in this study. Third, to access the accuracy of reproducing the surgical planning using the two techniques, we only calculated the absolute distance between the achieved resection plane and the corresponding planned one but did not measure the angular deviation between the two planes as used in the study by Khan et al. [22] . We found it was difficult and prone to manual error to determine the best-fit plane for the achieved resection. Also, as the calculation involved different software interfaces, there may have processing errors in measurements. Fourth, the results (the accuracy and the time for bone resection) of the cadaveric study may be better than that in real clinical scenarios as authors performed the bone resections in an ideal cadaveric setting. The authors have prior experience of performing virtual resection planning in engineering softwares and using both computer navigation and PSI technologies in assisting bone tumor surgery. The authors may improve in their operative skills when repeatedly performing similar resections. Fifth, the sample size was small with 12 pelvic resections for each group. However, as the mean average deviation from the planned of the two techniques was found to be <2 mm, any difference between the two techniques may not be clinically relevant. Sixth, the cadavers were kept at a freezer, while we underwent the preoperative planning and the manufacture of PSI. It takes about three days for thawing prior to the real procedure. We did not find any significant deflection of sawblades in all the bone resections after thawing of the frozen cadavers. However, one cadaver in the PSI group at the beginning of the study did not fully thaw because of large body build. Although hot water was used to irrigate the operative site, it might have errors in the correct positioning of PSI on the predetermined bone surface of a partially thawed cadaver.
In this cadaver study, we showed that both navigationand PSI-assisted technique for the simulated pelvic resection could achieve clinically acceptable accuracy of reproducing the planned bone resection with a mean deviation error of <2 mm from the planned. The result concurred with the accuracy of the two techniques reported in other clinical, sawbone or cadaveric studies [5, 11, 19, [22] [23] [24] . When we compared the accuracy between the two techniques in simulated pelvic bone resections, no statistical difference was noted. Based on our results, after surgeons plan and perform virtual bone resections and precisely define bone resection planes in pelvis using appropriate engineering softwares, the virtual resection planning may be transferred to the real surgical procedure with high degree of accuracy using either navigation or PSI techniques.
The mean time required for the bone resection in the Navigation group was significantly greater than that in the PSI group. Although the planes of pelvic resection were different from those in this study, the pelvic sawbone study by Cartiaux et al. [19, 22] showed a similar trend of mean time required for the bone resection, 49 min for navigation assistance versus 6.9 min in PSI assistance. The greater operative time in the navigation group was due to the fact that time was required for the placement of patient tracker, system calibration and image-to-patient registration prior to the navigated bone resections. Also, as the existing navigation system does not support a navigated saw, the surgeons had to manually control the direction of the sawblade for the resection under the visual guidance on the navigation display. The intraoperative use of PSI is simpler. Once the PSI is correctly placed on the predetermined bone surface, a physical image-to-patient registration is completed. Surgeons can focus on the operative field while performing the bone resection as the cutting slots of the PSI confine the sawblade to the specific planes of the planned resection [20] .
The mean registration error was <1 mm, and the real-time accurate matching could be achieved in all resections for the Navigation group. This was comparable to that reported by other clinical studies [2, 5, 6, 10, 11] . However, for the PSI group, it was difficult to intraoperatively measure the amount of deviation in the placement of PSI from its predetermined bone surface. We could only assess subjectively whether the PSI had an identical fit on the cadaveric bone surface similar to the one on the 3D printed bone model surface. Although this is a subjective feeling, the mean deviation error of <2 mm from the planned resection for PSI group suggested that the PSI technique was clinically practical and the subjective comparison on the model was quite helpful. Further studies are needed to investigate how much bone contact surface is necessary for the consistently accurate placement of the PSI and how the placement of PSI will be affected by tumors at various other locations in the pelvis.
The differences in the workflow between navigationassisted and PSI techniques have been described [20] . Given that the two techniques adopted the same workflow at the preoperative planning stage, both techniques have the same planning errors. Therefore, the registration error for navigation-assisted technique and the error in the placement of PSI for PSI technique are the most important factors contributing to the overall accuracy of these new techniques [20, 25] . Surgeons may then choose which technique is more suitable for their patients, based on how well they can minimize the error within each technique.
The currently available navigation systems can only support a navigation-assisted bone resection. Even if a navigated saw or an osteotome is made available in the future, confining the sawblade to follow a pre-determined path may require cutting guides as in PSI. Therefore, current PSI techniques may be superior to navigation-assisted techniques, in particular, when the resection involves multiple resection planes. On the other hand, intraoperative computer navigation provides real-time instant visual feedback to locate anatomical and pathological structures, a feature that is not available with PSI techniques. The exact indications for selecting each of these techniques in pelvic bone tumor surgery need to be further defined.
The extra cost of spending on navigation facilities and 3D printed PSIs is a valid concern. Navigation facilities are oneoff expenses with maintenance costs, but the facilities can be used in various procedures by different sub-specialities in the same hospital. The total cost of the PSI and bone model for one resection used in this study is USD 520. Studies are required to examine the cost-effectiveness of these two techniques in the context of improved surgical accuracy in pelvic tumor resection.
In this cadaveric study of simulated resection of periacetabular pelvic tumors, we showed that PSI technique enabled surgeons to reproduce the virtual surgical plan with a clinically acceptable accuracy that was similar to that using navigation-assisted technique but with reduction in the time required for resection. Further studies are warranted to evaluate the error in the placement of PSI on the predetermined bone surface and the efficacy of using PSI technique in the real clinical setting. Ethical standards This article does not contain any studies with human participants performed by any of the authors. No informed consent is needed as the study does not contain human participants.
